ABSTRACT: Population genetic studies on white sea bream Diplodus sargus have revealed different patterns in the subdivision of populations in the Mediterranean Sea. However, the stability of observed allele frequencies over time remains poorly tested. The aim of this study was to show that the genetic structure of D. sargus could significantly change over time by analysing temporal variations in allozymes. In order to determine temporal variation in the genetic structure of 5 natural D. sargus populations in the SW Mediterranean, we screened 14 allozyme loci. Our main finding was the significant genotypic differentiation among cohorts (year-classes) in the Guardamar (F ST = 0.012; p < 0.001) and Cape of Palos (F ST = 0.008; p < 0.001) populations. The differentiation observed in the present study when considering pair-wise comparisons between cohorts is similar to that of all populations throughout the Mediterranean Sea. Our results suggest that microgeographical variations, also known as 'chaotic genetic patchiness', could occur in D. sargus populations from the SW Mediterranean. The recruitment of genetically variable cohorts at 1 site each year may account for these variations. We also discussed alternative explanations for this genetic pattern. This study confirms the importance of understanding the ecology, behaviour and environment of fish populations when investigating population genetic structure. Our results also highlight the importance of incorporating temporal samples when conducting population structure studies. 
INTRODUCTION
Many marine fishes exhibit high dispersal potential and a large population size and, as a consequence, one usually expects the degree of genetic differentiation among populations to be low (Bernal-Ramírez et al. 2003) . Nevertheless, such low genetic differentiation can account for the relationship between speciation and dispersal/population dynamics in marine species (Domingues et al. 2006) . In fact, one may interpret genetic differentiation among populations in terms of population isolation, reduced gene flow, genetic drift and natural selection (González-Wangüemert et al. 2004 , Bargelloni et al. 2005 , González-Wangüemert et al. 2006a ). However, questions often arise regarding the biological significance of such differentiation, partly since the temporal stability of the observed pattern is unknown (Waples 1998) . Most of the available research is limited in terms of its description and discussion of observed genetic patterns. These studies assume that observed patterns will remain stable over time, and that variable factors have little or no effect over relatively short time periods (Barcia et al. 2005) . However, some studies have documented the relevance of long-term genetic stability research, particularly in the context of understanding which factors have led to the establishment of observed patterns (Barcia et al. 2005) .
Theoretically, temporal variations in allele frequencies may be the consequence of either selection in larval populations (Johnson & Black 1982 , Lundy et al. 2000 , Bernal-Ramírez et al. 2003 and/or large variations in the reproductive success of individuals (genetic drift) (Lenfant & Planes 2002 ). An alternative explanation could be that temporal genetic variance is a by-product of large sampling errors engendered by sweepstake reproductive success on behalf of a minority of individuals (Hedgecock 1994) . The combination of high reproductive output and high rates of failure during early lifehistory stages means that only a few adults may be responsible for much of the recruitment during any particular season. Such variance in reproductive success would limit effective population sizes, potentially resulting in chaotic genetic patchiness (Johnson & Black 1982 , Larson & Julian 1999 , Bernal-Ramírez et al. 2003 ) that is temporally unstable. Temporal variance in allelic frequencies may also result from the stochastic nature of reproductive activity and oceanographic conditions conducive to fertilization, larval development, retention and recruitment (Hedgecock 1994 , Man & Buxton 1998 , Lenfant & Planes 2002 . Recent studies indicated that larvae are capable of recruiting back to their source population (Swearer et al. 2002) , which can also affect the genetic structure of populations.
The purpose of the present study was to assess the stability of the genetic structure of white sea bream Diplodus sargus by analyzing allozyme data from 4 year-classes of 5 Mediterranean populations, and to discuss the possible causes of the patterns observed.
MATERIALS AND METHODS

Species.
Diplodus sargus is a commercial fish that occurs throughout the Mediterranean Sea and along the West-African coast down to South Africa (Fisher et al. 1987) . Adults spawn in the open sea from March to June, and eggs are reported to occur in surface waters down to depths of 5 m. Larvae spend 28 (± 3) d in the pelagic environment, prior to settlement in very shallow habitats in mid-June. They remain in this habitat for 1 yr until reaching 80 to 100 mm in length, and then migrate to deeper habitats (Vigliola 1998) .
Sampling. A total of 1249 specimens of Diplodus sargus were captured from the eastern Spanish Mediterranean between 1999 and 2000 ( Fig. 1) . Localities included 2 marine reserves (Tabarca Island and Cape of Palos-Hormigas Islands) and 3 neighbouring nonprotected areas (Águilas, Mazarrón and Guardamar) in the Mediterranean Sea. Fish were frozen after capture, transported to the laboratory and kept at -40°C until dissection. Liver and muscle were extracted from each specimen and kept at -70°C until analysis.
Demographic analysis. We used otoliths (sagittae) to provide estimates of individual fish ages and to assign each fish to a single cohort by counting the number of slow-growing winter zones. Each otolith was counted twice by 2 different observers, and a third count was made in the case of conflict. Fishes with otoliths showing inconsistent patterns (11) were excluded from any further analysis. Final analysis involved 1238 individuals that had no ambiguities in terms of otolith reading. The term 'cohort' usually refers to individuals that recruit over a short period of time. In this study a cohort was equivalent to a yearclass, because Diplodus sargus settles once a year within a 1 mo period. Cohorts were labelled according to the year they settled, e.g. 'Cohort 99' means the cohort whose individuals settled in 1999. Electrophoresis. Samples were homogenised in an equal volume of Tris/Citrate buffer (pH 9.0). Homogenates were centrifuged at 7000 × g for 12 min at 4°C, and the supernatant was stored at -80°C. We performed starch gel electrophoresis according to González-Wangüemert et al. (2004) , and chose a set of enzymes with a clear polymorphic zymogram. The loci used for analysis were scored from the following enzyme stains: glucose-6-phosphate isomerase, EC 5.3.1.9 (GPI-1* and GPI-2*); phosphoglucomutase, EC 5.4.2.1 (PGM*); phosphogluconate de- We did not take all cohorts into consideration when analyzing genetic structure because sample number differed greatly for each cohort. Firstly, we studied the genetic variability between year-classes in each population using data from 4 cohorts (1995, 1996, 1997, and 1998) ; secondly, we used only 3 cohorts (1996, 1997 and 1998) to compare the genetic structure among cohorts and the different populations.
We obtained allelic and genotypic frequencies by counting phenotypes directly from the gels using the GENETIX software package (available at www.genetix. univ-montp2.fr/genetix.htm). We calculated the probability of random departure from the Hardy-Weinberg equilibrium and the significance of divergence among groups using the 'exact test' method (Raymond & Rousset 1995) . Values of observed and expected heterozygosity were computed for each cohort from the genotypic frequencies, taking all loci into account.
We calculated F-statistics using the Weir & Cockerham (1984) method. The F IS value is the average inbreeding coefficient that reflects the Hardy-Weinberg equilibrium within a group, whereas F ST values indicate the amount of divergence between groups (defined as cohorts). Probabilities of the random departure of F-values from 0 (according to the null hypothesis) were read directly from the distribution of 1000 randomised matrices computed via permutation. We performed this analysis using the F-testing procedure of GENETIX, thus allowing for a significance test to be conducted. We computed Spearman's correlations between F IS , heterozygosity, the average number of alleles per locus and the abundance of cohorts.
Nei's genetic distances (Nei 1978) and Cavalli-Sforza distances between pair-wise samples were calculated, and the resulting matrix was clustered using UPGMA and neighbour-joining algorithms respectively (R statistical software package; R Development Core Team 2005). According to the null hypothesis, we directly calculated probabilities of random departure from 0 for genetic distance values from the distribution of 1000 randomised matrices computed via permutation (GENETIX).
We considered individual probabilities (as described by Cornuet et al. 1999) in order to determine the most likely geographic origin of each fish sampled, and to assign the stock origin of a fish with genotypic data only. We assigned each individual to the sample to which it had the highest 'probability of belonging'. We used the program GENECLASS version 1.0 (Cornuet et al. 1999 ) for these calculations, and as recommended by these authors we selected the 'Bayesian approach'. To decrease bias we chose the 'leave-one-out' option, whereby the assigned individual is not included in the estimation of allele frequencies. We also compared genetic differences using principal component analysis (PCA) of allelic frequencies. These analyses were described by She et al. (1987) and calculated using R statistical software (R Development Core Team 2005).
RESULTS
Demographic structure
The age structure of SW Mediterranean white sea bream populations revealed strong variation in the abundance of each cohort (Fig. 2) . Most individuals were younger than 10 years of age: only a few individuals exceeded this age. Fishes from Tabarca Island were the oldest. This age structure is considered typical for target species and, in fact, is probably a consequence of fishing. The largest and oldest individuals were found within the protected populations (Tabarca and Cape of Palos marine reserves), because these are not removed by fishing. Five cohorts (95, 96, 97, 98 and 99) accounted for 69 to 81.6% of the total population; however, in the Tabarca population, these cohorts accounted for only 54.5%.
Genetic variation between cohorts in each population
Mean heterozygosity was high for all cohorts in each sample (Table 1) . Observed heterozygosity and the average number of alleles did not correlate with abundance in each cohort. The average number of alleles only correlated significantly with the number of individuals per cohort in the Mazarrón population (ρ = 1, p < 0.05).
Cohorts exhibited a significant deviation from the Hardy-Weinberg equilibrium owing to heterozygote deficits. However, some loci showed a (non-significant) heterozygote excess: F IS -values did not significantly correlate with the abundance of each cohort, with the exception of those cohorts from Mazarrón (ρ = 1, p < 0.05). The overall genetic differentiation between cohorts was not significant at Águilas, Mazarrón and Tabarca; however, the genetic differentiation between cohorts was significant at Cape of Palos (F ST = 0.008; p < 0.001) and Guardamar (F ST = 0.012; p < 0.001). Nei's genetic distances (based on allelic frequencies) were significant between all cohorts at Cape of Palos, Guardamar and Tabarca (except between Cohorts 96 and 97). Populations from Águilas and Mazarrón exhibited significant genetic distances between some cohorts only.
Genetic variation between cohorts from different populations
Estimates of genetic differentiation between pairs of cohorts produced significant F ST and genetic distance values in all but a few cases (Table 2) . Genetic distance dendrograms did not reveal any structure in cohort grouping related to age or abundance (Fig. 3) . The results of PCA of allele frequency data revealed a cohort distribution that agrees with those obtained from genetic distances. The first and second axes explained 34.3% of total variation, and separated Cape of Palos and Mazarrón cohorts from the others. Cohorts from the Cape of Palos were clearly separated from the Mazarrón cohorts and Cohort 98 from Tabarca along the first (x-)axis, which were in turn separated from the Águilas, Guardamar and remaining Tabarca cohorts along the second (y-)axis (Fig. 4) . Table 3 gives the results of assignment tests. These revealed that approximately 15% of individuals were correctly assigned to the sample from which they originated. Among those individuals assigned to a different sample, 25% were assigned to the same population but from another year, and 20% were assigned to the correct year but to samples from different populations.
DISCUSSION
The main result of this study was the highly significant genotypic differentiation among cohorts in the ; however, in this latter case, the F ST value was not significant. In another case, Lenfant & Planes (1996) found no divergence among a number of sites separated by several hundred kilometres. In terms of pair-wise comparisons between cohorts, results from previous studies on the genetic differentiation of D. sargus throughout the Mediterranean Sea are similar to those obtained in the present study, which raises questions on the value and origin of genetic divergence observed between distant populations (Lenfant & Planes 1996 , González-Wangüemert et al. 2004 , Pérez-Ruzafa et al. 2006 , González-Wangüemert et al. 2006b ).
Large variance in reproductive success, reported for many marine organisms (Ruzzante et al. 1996 , Li & Hedgecock 1998 , could perhaps determine the population genetic structure of white sea bream. Man & Buxton (1998) demonstrated that maturation is related to water temperature in Diplodus sargus capensis and D. sargus hottentotus. This variable may act as a limiting factor on the reproduction rate of white sea bream. However, available data on temperature in the area studied (obtained from the NOAA via www.noaa.gov) showed no significant variations for a range of SWMediterranean populations during the reproductive months covered by the present study.
An alternative explanation for the variance in reproductive success could be the alteration of population size, local retention, local adaptation and random or selective post-settlement mortality (Ruzzante et al. 1996 , Lundy et al. 2000 , Lenfant & Planes 2002 . In this study, the use of allozyme markers (known as 'selective markers') could account for the observed genetic differentiation between cohorts, which may have resulted from post-or pre-settlement fish mortality (known to be   241   A96  A97  A98  CP96  CP97  CP98  G96  G97  G98  M96  M97  M98  T96  T97  T98   A96 highly selective processes). It has been shown that allozymes display selective processes in order to favour either the adaptation to changes in salinity or resistance to environmental stress (Dufresne et al. 2002) . Although we still know very little about the microevolution of most characters, many studies on selection have demonstrated processes involving only a few loci whereas others have remained neutral (Lenfant & Planes 2002) . In this study, the differentiation observed between cohorts relied on divergence at several loci, and those loci that contributed to significant differentiation varied in pair-wise comparisons. We observed no similar trends in cohorts that might have resulted from selection over time as cohorts grew older. Cluster analysis did not group cohorts according to their age but instead revealed a random organization, as was also demonstrated by other authors studying Diplodus sargus (Lenfant & Planes 2002) .
Reproductive success can also be affected by ocean currents. The marine environment is highly unpredictable: the occurrence of intense ocean currents can drive eggs and larvae away from coastal retention areas, resulting in very high mortality rates (Li & Hedgecock 1998) . In any one year, larvae that do survive may derive from the relatively low number of individuals that have, by chance, matched their reproductive activity with oceanographic conditions (Lundy et al. 2000) . In this way it is possible for a high variance in reproductive success to result in genetic variation among year classes. Our previous research on current patterns shows that oceanographic processes and conditions that affect the reproduction of marine animal life vary not only from one year to another but also within and between seasons in the study zone (González-Wangüemert 2004) .
The genetic pattern observed here could imply that microgeographical variations, also known as 'chaotic genetic patchiness', could occur in Diplodus sargus populations in the SW Mediterranean as a consequence of local oceanographic patterns. Such variations may result from the recruitment of genetically variable cohorts at one site each year. However, we cannot verify the second conclusion of Hedgecock's 'sweepstakes' recruitment, which indicates that there should be a decrease in genetic diversity. This conclusion may be Table 3 . Results of assignment tests (%) conducted using GENECLASS 1.0 (Cornuet et al. 1999) difficult to assess using allozyme data that cover a limited number of alleles. Future molecular genetic analyses using microsatellite markers with a larger number of alleles should help to resolve this issue. Finally, the assignment test provided a solid demonstration of genetic discontinuities. Most individuals were not correctly assigned to the sample from which they derived. The tendency towards 'mis-assigned' individuals from Tabarca and Guardamar was striking: these individuals were assigned to samples from different populations and to either the correct or incorrect settlement period. Individuals from Águilas, Mazarrón and Cape of Palos showed a higher percentage of correct self-assignment (35, 46 and 48% respectively), which may have resulted from a self-recruitment process. This has been previously observed in various fish species (Swearer et al. 2002) . Some studies suggest that self-recruitment is higher in populations of low density (Benzie & Stoddart 1992) , which is likely to characterize Águilas and Mazarrón populations as a result of increases in fishing pressures. In fact, some authors have highlighted recent reductions in the density of Diplodus sargus populations at Águilas from 21.1 to 10.8 ind. m -2 (García-Charton et al. 2004) . However, the Cape of Palos population is located within a marine reserve where fishery management tools are implemented. Therefore, the self-recruitment at this location must result from other factors. Cape of Palos is considered a faunistic transitional zone between Atlantic and Mediterranean influences (Whitehead et al. 1986 ). Previous studies suggest that gene flow takes place via pelagic systems and the open sea circulation model, which connect localities to the south of Cape of Palos (Águilas and Mazarrón) with northern areas (Guardamar and Tabarca). This pattern could imply self-recruitment due to the partial oceanographic isolation of Cape of Palos (González-Wangüemert et al. 2004) .
CONCLUSIONS
Temporal differentiation patterns would suggest that the population structure of white sea bream Diplodus sargus in the SW Mediterranean is complex. Our results highlight the need to incorporate temporal samples when conducting studies on population structure, and reinforce the importance of understanding the ecology, behaviour and environment of fish populations when investigating population genetics. Table 1 for definition of cohorts
